Climate change is expected to increase the frequency of above-normal atmospheric water deficits contemporaneous with periods of high temperatures. Here we explore alterations in physiology and gene expression in leaves of Coffea canephora Pierre ex A. Froehner caused by a sharp drop in relative humidity (RH) at three different temperatures. Both stomatal conductance (g s ) and CO 2 assimilation (A) measurements showed that g s and A values fell quickly at all temperatures after the transfer to low RH. However, leaf relative water content measurements indicated that leaves nonetheless experienced substantial water losses, implying that stomatal closure and/or resupply of water was not fast enough to stop excessive evaporative losses. At 27 and 35°C, upper leaves showed significant decreases in F v /F m compared with lower leaves, suggesting a stronger impact on photosystem II for upper leaves, while at 42°C, both upper and lower leaves were equally affected. Quantitative gene expression analysis of transcription factors associated with conventional dehydration stress, and genes involved with abscisic acid signalling, such as CcNCED3, indicated temperature-dependent, transcriptional changes during the Humidity Shock ('HuS') treatments. No expression was seen at 27°C for the heat-shock gene CcHSP90-7, but it was strongly induced during the 42°C 'HuS' treatment. Consistent with a proposal that important cellular damage occurred during the 42°C 'HuS' treatment, two genes implicated in senescence were induced by this treatment. Overall, the data show that C. canephora plants subjected to a sharp drop in RH exhibit major, temperature-dependent alterations in leaf physiology and important changes in the expression of genes associated with abiotic stress and senescence. The results presented suggest that more detailed studies on the combined effects of low RH and high temperature are warranted.
Introduction
Climate change is expected to cause modifications in rainfall patterns, especially in tropical regions (Feng et al. 2015) , which will inevitably alter relative humidity (RH) conditions in those areas. Climate change is also expected to cause an increase in average temperatures globally (Solomon et al. 2007) , and regions subjected to unusually low rainfall levels concomitant with increased temperatures will experience higher than normal vapour pressure deficits (VPD). These climate alterations are expected to have negative impacts on agricultural production (Yinhong et al. 2009 , Asseng et al. 2015 . One tropical crop that will be affected is coffee, which constitutes an important source of revenue for an estimated 25 million small farmers world-wide (Bigger and Hillocks 2007) . In fact, recent research suggests that climatic change, in the form of increasing average night time temperatures, has already contributed to reductions in coffee yields in the Tanzanian highlands over the last 50 years (Craparo et al. 2015) . Other research suggests that climatic change will also decrease coffee production in additional regions due to a combination of higher temperatures and drier atmospheric conditions (Davis et al. 2012 , Ovalle-Rivera et al. 2015 .
Newer work, exploring the adaptability of coffee leaf physiology to higher temperatures in the presence of elevated CO 2 , has raised the possibility that coffee may be more heat tolerant than previously thought (Rodrigues et al. 2016) .
Although there is some information on the effects of temperature on coffee, less exists on the effects of RH on either Coffea canephora or Coffea arabica species. However, research on the effects of altered RH is increasing for other plants. For example, variations in RH have been shown to influence plant growth (Ray et al. 2002, Lobell and Gourdji 2012) , as well as to have an impact on important food production-related characteristics such as fruit set (Harel et al. 2014) . A large-scale field study on hybrid aspens has shown that increased RH leads to a higher stomatal conductance (g s ) and a lower intrinsic water-use efficiency (WUE) (Niglas et al. 2014) . Physiological comparisons between two rose cultivars with marked differences in rates of leaf water loss after a transfer from high to low RH indicated that these were mostly due to variations in stomatal closure rates (Giday et al. 2014) . RH has also been identified as an environmental factor contributing to the modulation of stomatal sensitivity to CO 2 concentration (Talbott et al. 2003) . Other work shows that modifications in RH can reduce abscisic acid (ABA) levels through the induction of the ABA-degrading enzyme ABA 8′-hydroxylase in both the vascular tissue and in guard cells, suggesting that ABA signalling may be involved in the response to changes in RH (Okamoto et al. 2009 ). More recently, it has been proposed that ABA is a key regulator of the stomatal response to RH variations, and that ABA synthesis within the guard cells is critical for the response to low RH as localized ABA production enable plants to react to changes in atmospheric RH very quickly (Bauer et al. 2013) .
Over the last 10-15 years, production of C. canephora in Brazil has increased in drier regions, such as the states of Espirito Santo and Western Bahia. Because these regions have lower and less regular rainfall than normally needed for C. canephora, irrigation is required to supplement any rainfall deficits (Brombini Santos and Mazzafera 2012) . Much of this newer production also uses little or no shade (Bertrand et al. 2011 , Jha et al. 2014 ) and will thus be subjected to generally lower and more variable atmospheric humidity levels than shade-grown plants. To improve our understanding of the potential impacts of changes in RH on Robusta coffee (C. canephora), we examined the physiological consequences of a sudden, dramatic reduction in humidity (a 'humidity shock' or 'HuS'), and coupled this to an analysis of the expression of known and putative coffee heat stress, dehydration stress and ABA signalling-related genes. To explore the effect of adding a temperature stress simultaneously with a 'HuS', we compared the responses at a relatively normal temperature for coffee (27°C) with the responses seen at high (35°C) and extreme (42°C) temperatures. The data obtained are discussed in terms of the possible links between the physiological and gene responses observed.
Materials and methods

Plant material
Coffea canephora Pierre ex A. Froehner (Robusta coffee) plants, variety FRT07, were grown from somatic embryos produced in bioreactors (Ducos et al. 2009 ). Individual plantlets obtained were moved to 0.5 l pots containing a mixture of peat, 2% Perlite, with~0.4% lime and 0.4% slow-release fertilizer (pH 5.8) and grown in a greenhouse maintained at a constant temperature of 25-30°C and with natural daylight only. To ensure a constant humidity above 80-85%, we placed the plants inside a plastic tunnel and regularly watered them to ensure they were not subjected to water deficits. The use of the plastic tunnels, in addition to some shading to minimize temperature fluctuations, led to light conditions that approached natural shading, with maximum light levels at mid day in the range of 40-80 µmol m −2 s −1 just above the plants.
For the experiments described here, the plants used were generally between 8 and 16 months old and between 30 and 60 cm in height with an average of at least 8-12 well developed leaf pairs.
Humidity shock treatments
A humidity shock was applied to coffee plants previously grown under high humidity conditions (RH >80-85% at 25-30°C, equivalent to a VPD <0.63 kPa). This was accomplished by transferring and testing individual plants in an ERATIS growth chamber set at 40 µmol m −2 s −1 irradiance and exposed to the different temperatures and humidity conditions indicated. The three conditions used were: Condition 1: RH 30% and 27°C (VPD 2.49 kPa); Condition 2: RH 30% and 35°C (VPD 3.93 kPa); Condition 3: RH 30% and 42°C (VPD 5.73 kPa). Two repeat experiments were carried out for each condition (n = 3). In one repeat for each treatment, three identically grown plants remained under the original high humidity conditions and served as controls. For the test plants, physiological measurements were carried out on the same upper and lower leaves: (i) just before plants were transferred to the lower humidity conditions, (ii) at different times during a 2 h humidity shock treatment (on plants in the chamber) and (iii) 24 h after the plants had been returned to the original high humidity conditions. Measurements on the control plants under the original conditions were taken at time zero and after 2 h and 24 h. The visual appearance of the test plants was also noted during the experiments.
Fluorescence measurements For each time point, F v /F m (variable fluorescence/maximal fluorescence) measurements were taken for two tagged leaves (one upper leaf, which was always the second significant pair from the apex, and one lower leaf, which was generally at least three pairs below the upper leaf) using a portable chlorophyll fluorimeter (HandyPea, Hansatech,
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King's Lynn, UK). Each leaf was dark-adapted for 10 min, using the leaf-clips supplied by the manufacturer, and the F v /F m values measured after applying a short pulse of saturating light (one second at 1500 µmol m −2 s −1 ). This dark-adaption period was found to be sufficient to oxidize all the electron carriers prior to the application of the light pulse.
Photosynthesis and related measurements Stomatal conductance (g s ) and CO 2 assimilation (A) were measured on the same two leaves used for the fluorescence measurements using a Li-COR 64000XT infra-red gas analyser (Li-Cor, Lincoln, NE, USA) with a saturating photosynthetically active radiation (PAR) of 1000 µmol m −2 s −1 , an ambient CO 2 concentration of 400 µmol mol −1 , a chamber RH of 30-40% and a leaf temperature of 27°C. The g s and A measurements were recorded 3-5 min after clamping the leaf into the LICOR sampling chamber, by which time the readings had stabilized.
Measurements of relative water content and collection of tissue for RNA extraction
At each time point, a leaf was harvested from roughly mid-way between the upper and lower leaves of the same plants used for the physiological measurements. The assumption made for these 'intermediate leaves' was that their physiological characteristics would be approximately 'intermediate' between those seen for the upper and lower leaves. Each leaf was divided in half along its midrib axis using a scalpel and one half was used for determining the relative water content (RWC) and the other half was immediately frozen in liquid nitrogen, followed by storage at −80°C for later RNA extraction. The measurements were made on either two to three leaf disks (~1 or 2 cm 2 in area), or on the entire half leaf sample, which were immediately weighed and then rehydrated by placing them in distilled water overnight (in the dark, either in a Petri dish or in a 50 ml Falcon ® tube).
Control experiments determined that this approach was adequate to rehydrate the samples. The fresh weight of the fully hydrated leaf samples were subsequently measured after removing any excess water, then dried to constant weight in an oven at 65°C. The RWC was determined using the formula (González and González-Vilar 2001) below:
fresh weight dry weight turgid weight dry weight 100
RNA extraction, cDNA synthesis and quantitative RT-PCR Leaf samples were ground into a powder using liquid nitrogen and total RNA extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the suppliers protocol, with the addition of an on-column RNase-free Dnase I treatment (Qiagen). Quality and quantity assessment of the total RNA was performed using the Agilent 2100 Bioanalyzer.
To obtain cDNA from each total RNA sample, two different commercial kits and protocols were used. In the first case, the Superscript III Reverse Transcriptase kit (Invitrogen, Carlsbad, California, US) was used as follows: 0.5 µg total RNA sample was added to 1 µl oligo dT(18) (Sigma-Aldrich, St. Louis, Missouri, US) and made up to a final volume of 12 µl with sterile RNase-free water. This mixture was subsequently incubated at 65°C for 10 min and then rapidly cooled on ice. After this, 4 µl of 5× first strand buffer, 1 µl of 0.1 M DTT, 1 µl of RNase Out Ribonuclease Inhibitor (Invitrogen), 1 µl of dNTP mix (10 mM each) and 1 µl SuperScript III Rnase H-Reverse transcriptase (200 U µl −1 ) were added to make up a final volume of 20 µl. Subsequently, the reaction mix was incubated at 50°C for 60 min, followed by an enzyme inactivation step by heating at 70°C for 15 min. Alternatively, cDNA was prepared using the Transcriptor Reverse Transcriptase kit from (Roche Diagnostics, Rotkreuz, Switzerland). In this case, 0.5 µg total RNA plus 1 µl Oligo dT(20) (Sigma) was made up to 12 µl final volume with sterile RNase-free water. This mixture was subsequently incubated at 65°C for 10 min and then rapidly cooled on ice. Next, 4 µl of 5× Transcriptor RT buffer, 20 U RNase OUT Ribonuclease inhibitor, 1 µl of each dNTP (10 mM each) and 10 U Transcriptor Reverse Transcriptase (Roche) were added to make up a final volume of 20 µl. This reaction was incubated at 55°C for 30 min, followed by enzyme inactivation at 85°C for 5 min and the samples stored at −20°C for later use in the quantitative reverse transcriptase-PCR (qRT-PCR) experiments. Quantitative RT-PCR was carried out after diluting the cDNA 50-fold, using TaqMan probes as described (Lepelley et al. 2007 ). Sequences of the primers and probes are given in Supplementary Information 1 (SI-1) and further reaction details are presented SI-2 available as Supplementary Data at Tree Physiology Online. Analysis of the Ct values of the reference gene CcRPL39 for all the samples indicated that the expression of this gene was not significantly influenced either within a single treatment, or between the different treatments.
Statistical analysis
Statistical analyses of the data were carried out using SigmaPlot R 12.0 (Systat, San Jose, CA, USA). A one-way analysis of variance (ANOVA) was applied, followed by a post hoc 'Tukey test' in order to obtain pairwise multiple comparisons among data at the same time points but at different temperatures (physiological measurements), or, between T = 0 and the other time points for each gene at each temperature (gene expression data).
Sequence accession numbers
CcMb102-KT698109; CcHsp90-KU049664; CcABF2-KU049665; CcNYE1-KU049666; CcATAF1-KU049667.
Results
It was previously noticed that when well-watered young Robusta coffee plants growing under very high RH (>80%) were shifted
Tree Physiology Online at http://www.treephys.oxfordjournals.org to a much lower humidity, they unexpectedly exhibited water deficit-related characteristics such as leaf drooping/wilting within 15 min of the transfer, despite being adequately supplied with water via the roots. Some leaf necrosis was also observed 24 h after returning the plants to the original high humidity conditions, indicating that permanent damage had occurred, and the severity of the symptoms was more pronounced in the upper, newer leaves (see SI-3 available as Supplementary Data at Tree Physiology Online).
The impact of a humidity shock at different temperatures on stomatal conductance and CO 2 assimilation A decline in stomatal conductance (g s ) occurred in both upper and lower leaves during the 'HuS' treatment at 27°C within 15 min ( Figure ). At 35°C, the decline in g s for these leaves was also rapid, but the decreases in g s at 35°C tended to be of a smaller magnitude compared with the 27°C treatment, especially at . Measurements were performed at the start of the experiment (T = 0) on upper and lower leaves of C. canephora (Robusta) variety FRT-07 plants grown at 80-85% RH at 25-30°C. Plants were then moved to 30% RH at either 27, 35 or 42°C. The measurements were repeated at the times noted on the same upper and lower leaves. One measurement was also taken 1 day after the treated plants were returned to the original conditions. Control plants for each experiment remained continuously under the original high humidity conditions and measurements were taken at 0 min, 2 h and 24 h. The data presented here for the treated plants represent measurements from two independent humidity shock experiments. Black squares, red circles and blue triangles represent the average values ± SD from six treated plants respectively at 27, 35 and 42°C (representing two independent experiments for each temperature). The green diamonds represent an average value ± SD of nine plants (representing three control plants associated with each temperature treatment). ), and this was followed by a more gradual decline. Values for g s after the 35°C recovery period were similar for upper and lower leaves (0.073 and 0.065 mol m −2 s −1 , respectively). At 42°C, a dramatic drop in g s was again seen after T = 15 min for both sets of leaves. Then, after the 1 day recovery period, both the upper and lower leaves showed a partial recovery in g s . Finally, although the T = 15 min g s values for the upper leaves at each temperature were not statistically different from one another, probably due to large variations for this set of leaves, the lowest average g s value at T = 15 min was observed at 27°C. Analysis of the g s values for the lower leaves at T = 15 min showed that they were all significantly different (P < 0.05), with 27 < 35 < 42°C.
The effects of the different 'HuS' treatments on CO 2 assimilation (A) for the upper and lower leaves at the various temperatures ( Figure 1B) indicate that the overall response was relatively similar for both sets of leaves; A fell rapidly in response to the humidity drop from the start of the treatments up to T = 30-45 min. When the upper versus lower leaf A values were examined more closely, it was seen that at T = 15 min and T = 30 min, A was consistently higher in the upper leaves at each temperature, with the differences between 35 and 42°C being statistically significant (P < 0.05) in these two sets of leaves at both time points. When the A response trends were examined at the three temperatures, it is seen that the drop in A over time was influenced by the 'HuS' temperature. This was clearest for the upper leaves, which had A values in the order 27 > 35 > 42°C at both the T = 15 min and T = 30 min time points, with differences in A between the 27 and 42°C treatments statistically significant (P < 0.05) at both time points. Little recovery in the upper leaf A values was seen after the 24 h recovery period for any treatment. In contrast, some recovery in A was seen for the lower leaves after the recovery period following the 27 and 35°C treatments, but not following the 42°C treatment.
The impact of the different humidity shock treatments on chlorophyll fluorescence At 27°C, the upper leaves exhibited a small decline in F v /F m over the treatment period, whilst the lower leaves exhibited only a very slight decrease in F v /F m in the early part of this treatment (Figure 2) . For the 35°C 'HuS' treatment, the response trends again showed that the upper leaves had larger declines in F v /F m than lower leaves as this treatment progressed. In contrast to 27 and 35°C, the F v /F m data for the 42°C 'HuS' experiment showed that the upper and lower leaves reacted similarly, as illustrated by a near linear decrease in F v /F m as the treatment progressed. For each set of leaves, the differences in F v /F m between the 42°C treatment, versus the 27 and 35°C treatments, were all significant (P < 0.05) from T = 15 min to T = 2 h. No recovery in F v /F m was seen for either the upper or lower leaves after the 24 h recovery period from the 42°C 'HuS' treatment.
The effect of temperature on leaf water loss during a humidity shock
To assess the impact of RH-related reductions in g s on the leaf water content, we measured the RWC from 'intermediate' leaves of the same plants used for the earlier measurements. Based on the RWC data (Figure 3) , most of the water was lost within the Tree Physiology Online at http://www.treephys.oxfordjournals.org first 15 min for all the 'HuS' treatments. It was also observed that a greater water loss occurred at the higher temperatures, with the RWC differences at T = 15 min between 27 versus 42°C, and between 35 versus 42°C being statistically significant at P < 0.05. Surprisingly, the RWC values began to increase again around the 45 min time point for each temperature. For example, by the end of the 24 h recovery period, the leaves from the 27°C treatment had exhibited a strong recovery in RWC relative to leaves from plants exposed to 42°C (P < 0.05).
The induction of heat and drought stress genes during a humidity shock is strongly influenced by temperature
To determine any changes in gene expression that occurred in parallel with the physiological changes, we examined the quantitative expression of genes associated with heat and dehydration stresses in 'intermediate' leaves. We first looked at the expression of a predicted coffee gene encoding an endoplasmic reticulum (ER)-located heat-shock protein CcHSP90-7, which is the putative coffee ortholog of the Arabidopsis gene HSP90-7 (Krishna and Gloor 2001) . The data show that CcHSP90-7 transcript levels were low and unchanged during the 'HuS' treatment at 27°C, but showed a small induction during the 35°C treatment (Figure 4) . In contrast, CcHSP90 was induced strongly at 42°C, with transcript levels starting to rise at T = 15 min, peaking at T = 2 h, followed by a dramatic decline after the 24 h recovery period. We then examined the expression of the coffee CcDH1a gene, which is strongly induced during a classical drought stress (Simkin et al. 2008, Brombini Santos and Mazzafera 2012) . Figure 4 shows that CcDH1a transcript levels rose strongly during the 27°C treatment, with the highest values seen at the end of this 'HuS' treatment (relative quantification (RQ) value, i.e., RQ = 16.5 at T = 2 h), followed by a dramatic drop after the recovery period. Unexpectedly, a smaller increase in DH1a transcripts was observed at 35°C, and the peak was seen earlier (T = 45 min, RQ = 1.49). The DH1a levels then fell back at T = 2 h, returning to very low levels after the recovery period. At 42°C, a low induction of DH1a was seen (RQ = 2.16 at 2 h).
Next, we examined the effects on genes for transcription factors regulating drought stress, like Dehydration-ResponsiveElement-Binding (DREB) genes within the APETALA2 (AP2) family (Lata and Prasad 2011, Liu et al. 2013) . As the coffee DREB1 gene is drought inducible (Marraccini et al. 2012) , we examined its expression. Figure 5 shows that during the 27°C 'HuS' treatment, CcDREB1 transcripts increased at T = 45, although a small rise in transcripts may have already begun by T = 30 min, then fell back at T = 2 h and during the recovery period. In contrast, there was a much sharper increase in CcDREB1 transcripts at 35°C, with at peak at T = 45 min, followed by a fall in levels. At 42°C, a small induction of CcDREB1 transcripts was seen, with peak induction occurring earlier than at either 27 or 35°C (T = 30 min), and then the transcript levels fell. As several MYB genes are implicated in drought stress signalling (Baldoni et al. 2015) , we examined the expression of a coffee MYB gene (CcMyb102; SI-4 available as Supplementary Data at Tree Physiology Online) homologous to the drought-inducible Arabidopsis gene AtMYB102 and which is induced in coffee leaves during a classical drought stress, as well as in small in vitro plantlets treated with ABA (M. Lepelley, C. Perrois, V. Berry and J. McCarthy, unpublished observations) . The data shown in Figure 5 confirm that CcMYB102 is weakly induced during a 27°C 'HuS' treatment, with transcripts peaking at T = 2 h. At 35°C, while the induction pattern was similar to 27°C, the increase in transcripts was roughly 10-fold higher at T = 2 h, followed again by a dramatic decline after the recovery period. At 42°C, the transcription pattern for CcMYB102 was more similar to that seen during the 27°C 'HuS' treatment.
Genes in the ABA and senescence pathways are also induced by a humidity shock in a temperature-dependent fashion NCED3 encodes a rate-limiting protein involved in the synthesis of ABA (González and González-Vilar 2001, Tan et al. 2003) , and as we have previously shown CcNCED3 is induced during a classical drought stress treatment (Simkin et al. 2008) , we looked at the expression of this gene. The data presented in Figure 6 indicate CcNCED3 transcripts only increased slightly during the 27°C 'HuS' treatment. In contrast, during the 35°C 'HuS' treatment, a Figure 1 were harvested from the treated and control C. canephora plants. Half of each leaf harvested was used to determine the RWC as described in the Materials and methods. The other portion of this leaf was stored for RNA extraction. Legends as for Figure 1 , and again, each time point represents the average value ± SD from the six plants and the green diamonds represents an average values ± SD of the nine plants (three control plants for each treatment).
Tree Physiology Volume 37, 2017 very significant induction of CcNCED3 transcripts occurred, with transcripts peaking at T = 45 min, followed by a drop starting at T = 2 h. Little induction of CcNCED3 was detected during the 42°C 'HuS' treatment. The Arabidopsis thaliana ACTIVATING FACTOR 1 (AtATAF1) gene appears to influence ABA levels, so we identified a potential coffee ortholog (CcATAF1; SI-6 available as Supplementary Data at Tree Physiology Online) and studied its expression. Figure 6 shows that CcATAF1 transcript levels increased during the 27°C 'HuS' from T = 45 min up to T = 2 h, then fell back after the recovery period. At 35°C, the increase in CcATAF1 levels occurred earlier, rising strongly at T = 30 min and T = 45 min, then falling significantly by T = 2 h. At 42°C, no clear increase in transcript levels was detected for CcATAF1.
ABA also influences plant leaf senescence and it is thought that overlap exists between dehydration response signalling and senescence signalling , Liang et al. 2014 . To explore if any of our treatments could induce senescence signalling, we identified coffee orthologs for two senescence related genes (see SI-7 and SI-8 available as Supplementary Data at Tree Physiology Online), and examined their expression. The first gene we studied is a putative coffee ortholog for the Arabidopsis NON-YELLOW COLORING gene (NYC1/NYE1) involved in an early step of chlorophyll degradation, the conversion of chl b to 7-hydroxymethyl chl a (Ren et al. 2007 , Jibran et al. 2015 . Figure 7 shows that no major induction of CcNYE1 occurred during the 27°C 'HuS' treatment. In contrast, at 35°C there was a small detectable rise in CcNYE1 transcripts at T = 2 h, followed by a drop after the recovery period. However, at 42°C, there was a strong induction of CcNYE1 transcripts up to T = 2 h, followed by a further increase during the 24 h recovery period. The second senescence associated gene (SAG) studied was the putative coffee ortholog of the Arabidopsis transcription factor ABF2 gene, which is involved in ABA/drought signalling (Yoshida et al. 2010) , and ABA/senescence signalling (Garapati et al. 2015) . Figure 7 shows that at 27°C, no detectable increase in CcABF2 transcripts occurred. At 35°C, there was a significant increase in CcABF2 transcripts at T = 45 min, after which, the levels fell back after T = 2 h. At 42°C, expression of CcABF2 was similar to that seen at 35°C up to T = 45 min, but then instead of decreasing at T = 2 h as observed at 35°C, transcript levels increased further up to T = 2 h, and then fell after the recovery period. Figure 4 . Quantitative expression analysis of the Predicted Heat Shock Protein Gene CcHSP90 and the drought inducible gene CcDH1a during a humidity shock treatment at different temperatures. The quantitative expression profiles of the coffee CcHSP90 and CcDH1A genes were determined for 'intermediate' leaves using quantitative qRT-PCR. Transcript expression levels were determined relative to the expression of the gene ribosomal protein like 39 (rpl-39) in the same sample. Transcript levels (n = 3 ± SD) were measured at time points of T = 0 min, T = 15 min, T = 30 min, T = 45 min, T = 2 h and 24 h after the end of the treatment (recovery). Statistical analyses were performed as described in the Materials and methods. Significance levels are indicated at *P < 0.1; **P < 0.05.
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Discussion
Examination of the stomatal conductance data from the plants treated with a 27°C 'HuS' shows that the g s values fell further, and faster, for lower versus upper leaves within 15 min, indicating that the stomata of the lower leaves closed more rapidly during this treatment, and potentially lost less water. Interestingly however, after~30 min of the 27°C 'HuS' treatment the intermediate leaves began to show a recovery in RWC, implying that these leaves, whose stomata are presumably closed, were being resupplied with water. The F v /F m data for both upper and lower leaves of the 27°C 'HuS' treatment ( Figure 2 ) also indicated that they reacted differently towards this 'HuS' treatment, with the F v /F m values for the upper leaves showing a gradual decrease during this treatment, while the F v /F m values of the lower leaves showed little change. The clear alteration in photosystem II (PSII) photochemistry observed for upper leaves, but not for lower leaves at 27°C, is also consistent with the observation that more water was lost from upper versus lower leaves at this temperature, potentially leading to more damage from the reactive oxygen species caused by increased dehydration stress (Baxter et al. 2014) .
Stomatal conductance data for the 35°C 'HuS' treatment also imply that stomata of the lower leaves closed faster than those of upper leaves at this temperature. However, it is noted that the drop in g s for the lower and upper leaves at 35°C was less than that seen for the respective sets of leaves at 27°C. Thus, raising the 'HuS' temperature from 27 to 35°C apparently has a negative influence on signalling that causes rapid stomatal closure, at least up to T = 15 min, for both the upper and lower leaves. This observation anticipates that there should be more leaf water loss at 35°C than at 27°C, and this was supported by the RWC data (Figure 3 ), which indicates a trend of decreased leaf water content for intermediate leaves at 35 versus 27°C at both T = 15 min and T = 30 min. The F v /F m data at 35°C (Figure 2 ) again indicates more PSII damage occurred in the upper leaves at 35 versus 27°C, which is consistent with the idea that more water was being lost at the higher temperature. Much less change in F v /F m related PSII damage was detected for the upper leaves at 35 versus 27°C. The greater temperature-induced effect on PSII chemistry for upper leaves versus lower leaves at 35°C is consistent with the difference in absolute g s values at T = 15 min between this set of leaves at this temperature and implies that the rate of stomatal closure for the lower leaves at 35°C is enough to prevent water deficit-related damage of PSII during the 2 h treatment. In this context, it will be interesting in the future to look for more sensitive indicators of leaf damage such as measuring malondialdehyde levels (Xu et al. 2013) or Figure 5 . Quantitative expression analysis of dehydration stress induced coffee transcription factor genes CcDREB1 and CcMyb102 during a humidity shock treatment at different temperatures. The quantitative expression profiles of the coffee genes CcDREB1 and CcMYB102 were determined for 'intermediate' leaves using quantitative RT-PCR in a similar fashion, and with the same legends, as other measures for leaf damage/necrosis (Ahn et al. 2011) . Consistent with the proposal that elevated temperatures impede stomatal closure and increase leaf water loss, the data for both the upper, and to a greater extent the lower leaves showed that the 42°C treatment resulted in higher g s values at T = 15 min than those seen at the two lower temperatures at this time point. Predictably, the leaf water loss was also greatest at 42°C (Figure 3) , and both sets of leaves had similar dramatic decreases in F v /F m as the treatment increased, indicating both sets of leaves underwent extensive PSII damage. Additional work is necessary to determine how much of the negative effect on the PSII chemistry at 42°C was due to water loss, and how much was due to perturbations in leaf chemistry/biochemistry at this temperature. Experiments in which the plants are treated with ABA to induce stomatal closure before a high temperature 'HuS' treatment could be illuminating in this latter regard.
To uncover changes in gene expression caused by the 'HuS' at different temperatures, quantitative expression analysis was carried out on 'intermediate' leaves for a number of coffee genes known, or predicted, to be induced by different abiotic stresses. We first examined the expression of heat shock protein gene CcHSP90-7, the probable ortholog of the C-terminal KDEL protein AtHSP90-7 found in the ER, where one of the plant's 'heat sensors' is also thought to be located (Mittler et al. 2012) .
No significant induction of CcHSP90-7 was seen at 27°C, but a clear induction occurred at the higher temperatures (42 > 35°C). These observations support the physiological data that suggested the response to high temperatures may be independent of the response to a change in RH. Expression analysis of CcDH1a also unexpectedly found that its induction was quite temperature dependent, with induction decreasing substantially as the temperature of the 'HuS' increased. It will be interesting in the future to determine if induction of functionally related LEA genes (Battaglia et al. 2008) are similarly affected by the 'HuS' temperature. Expression analysis was also carried out for CcDREB1, a DREB/CBF transcription factor family member (Lata and Prasad 2011) known to be induced by drought (Marraccini et al. 2012) and by a 27°C 'HuS' treatment (Thioune et al. 2014) . The data in Figure 5 confirmed that CcDREB1 was induced at both 27 and at 35°C, although apparently with a slight shift in the timing and level of induction at 27°C compared with 35°C. At 42°C, however, only a small, early increase in transcript levels was detected, suggesting that signalling for CcDREB1 induction may be disrupted at this temperature. We also examined the expression of CcMYB102, a putative ortholog of transcription factor AtMYB102 that participates in drought signalling in Arabidopsis (Denekamp and Smeekens 2003) . The data obtained confirmed earlier observations (Thioune et al. 2014 ) that there is a relatively weak Tree Physiology Online at http://www.treephys.oxfordjournals.org increase in CcMyb102 transcripts during a 27°C 'HuS' treatment, but additionally showed that this gene was much more strongly induced when the 'HuS' was carried out at 35°C. No clear induction of CcMYB102 was seen at 42°C.
We also assessed the expression of two genes predicted to be directly involved in ABA signalling in coffee. The first gene, CcNCED3, encodes an enzyme involved in ABA synthesis (Tan et al. 2003) and is induced during a classical drought stress (Simkin et al. 2008 , Spiers et al. 2015 . The second, CcATAF1, is a putative ortholog of the Arabidopsis AtATAF1 gene, whose protein binds to the NCED3 promoter (Jensen et al. 2013 ) and therefore potentially implicates CcATAF1 in the regulation of CcNCED3 and ABA synthesis. Expression analysis at 27°C showed that CcATAF1 is clearly induced while CcNCED3 shows only a slight induction. At 35°C, expression was strongly induced for both genes, with CcNCED3 levels rising sharply, presumably leading to a much higher amount of the NCED3 enzyme and significant ABA synthesis. We speculate that the distinctly different induction patterns seen at 27 and 35°C for these two genes involved in ABA signalling could be a manifestation of significant variations in the response to these different 'HuS' treatments (i.e., different VPDs). At 42°C, no clear induction of either CcNCED3 or CcATAF1 was observed. Interestingly, leaves of Arabidopsis plants acclimatized to a high RH, then subjected to a sharp reduction to 42% RH (VPD increased from 0.7 to 1.5 kPa), have recently been shown to exhibit a dramatic induction of the AtNCED3 gene 20 min after the transition to low RH (McAdam et al. 2016 ). This induction, accompanied by a strong increase in ABA levels, was proposed to be responsible for the sharp decreases in g s that was also detected during the 20 min low RH treatment. It is noteworthy that both a rapid induction of CcNCED3, and a parallel drop in g s , are described here for coffee.
Senescence is part of the final stage of leaf development and is controlled by a complex signalling network (Lim et al. 2007 , Thomas 2013 . The regulation and timing of senescence is not only dictated by tissue age, but is also influenced by various environmental stresses, including dehydration stress and ABA signalling (Podzimska-Sroka et al. 2015) . As little work has been done in coffee regarding senescence and abiotic stress, we decided to examine the expression of two putative SAGs of coffee during the different temperature 'HuS' treatments. The data obtained (Figure 7) show transcripts for the ABA-associated transcription factor CcABF2 rose slightly during the 27°C treatment, and no induction was detected for the CcNYE1 gene, which encodes the putative coffee ortholog of a well-characterized Arabidopsis chlorophyll degrading enzyme involved in leaf senescence Tree Physiology Volume 37, 2017 (Ren et al. 2007) . At 35°C, only a slight increase in CcABF2 and CcNYE1 transcript levels was detected. In contrast, a strong, and potentially inter-related, induction of both genes occurred towards the end of the 42°C 'HuS' treatment. Interestingly, the transcripts levels of CcNYE1, did not fall as they did at 35°C, but increased further during the 24 h recovery time. A recent report (Zhao et al. 2016 ) has indicated ABA can induce senescence in Arabidopsis via an ethylene-independent pathway by activating sucrose non-fermenting 1-related protein kinase 2 s, which in turn, phosphorylates ABA-responsive element-binding transcription factors (ABFs), especially ABF2. Thus, the fact that the putative coffee ABF2 ortholog is highly induced at 42°C, has low induction at 35°C and has a very similar expression pattern to the senescence gene CcNYE1, suggests this transcription factor may be involved in amplifying a leaf senescence signal, and thereby also participate in a transition from a 'dehydrationinduced stress response' towards a 'dehydration-induced senescence response'. Further exploration of senescence-related gene expression, and the suggestion from our physiological data that sharp humidity reductions may be associated with permanent phytochemistry damage, could uncover important links between water deficit responses and senescence processes.
Our results clearly indicate that increasing temperatures can dramatically alter the pattern of gene expression changes during a 'HuS' treatment. The physiology and gene expression data presented also suggest that the lowest temperature treatment is associated with the weakest overall 'dehydration stress' response. This is illustrated by the observation that, of the three treatments, the plants subjected to a 'HuS' at 27°C showed the fastest stomatal closure, the lowest F v /F m decline, and little or no induction of genes associated with heat stress, dehydration stress, or senescence. In addition, the 27°C-treated plants exhibited the highest induction of transcripts encoding putatively 'protective' proteins like dehydrins. In contrast, plants treated at a higher temperature (35°C) exhibited slower stomatal closure that was coupled with increased F v /F m -related damage and the induction of genes encoding abiotic stress related transcription factors, as well as a gene directly involved in ABA production (CcNCED3). Because these changes were observed during the first 30 min of the 35°C 'HuS' treatment, it is more plausible that the rapid detection/signalling of the dehydration stress studied here occurs locally in individual leaves, and is not, for example, due to systemic ABA signalling from other parts of the plant (Bauer et al. 2013 , Chater et al. 2015 . Finally, it is noted that the leaf RWC data (Figure 3) indicate that up to approximately the T = 15-30 min period, the leaves were losing water faster than they were being resupplied via the plant hydraulic system. Interestingly, this apparent 'water resupply' problem appeared to be reversed in parallel with the induction of the dehydration stress genes, suggesting that these events may be related. However, further work is needed to determine, for example, if the RWC increases detected around T = 30-45 min were simply due to the transpiration rate falling below the continuous resupply rate, or whether some local signalling occurred that induced an increased rate of entry of water into the leaves. In conclusion, the data presented suggest that each increase in temperature for the 'HuS' treatment results in a new unique reprogramming of gene expression in the leaf, presumably to enable the plant to respond optimally to the atmospheric water deficit experienced at that temperature. New studies that generate more extensive transcription data should aid the development of new 'climate smart' coffee varieties by identifying the gene networks associated with altered responses to different levels of humidity/temperature stress, and the elucidation of the constraints on the resupply of water identified here. Finally, we note that studying multiple stresses simultaneously is likely to become more important in the future, particularly in light of recent research, such as that with maize and tall fescue, which indicate that combined tolerance to drought and heat could be genetically distinct from tolerance to the individual stresses alone (Sermons et al. 2012 , Cairns et al. 2013 ).
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